A calcium regenerative potential controlling ciliary reversal is propagated along the length of ctenophore comb plates ( Modifications of ciliary and flagellar activity in response to stimuli are controlled by the membrane potential in a variety of protozoan and metazoan cells (1-5). In ciliate protozoa, the best-studied example, depolarizing stimuli activate voltage-sensitive Ca2+ channels located exclusively in the ciliary membrane (6) (7) (8) (9) leading to Ca2+ influx into the cilia and to a graded Ca2+-dependent regenerative response recorded from the cell body (1, 2, 4, 5). The increase in Ca2+ concentration triggers a reorientation of the power stroke (ciliary reversal) (10).
Modifications of ciliary and flagellar activity in response to stimuli are controlled by the membrane potential in a variety of protozoan and metazoan cells (1) (2) (3) (4) (5) . In ciliate protozoa, the best-studied example, depolarizing stimuli activate voltage-sensitive Ca2+ channels located exclusively in the ciliary membrane (6) (7) (8) (9) leading to Ca2+ influx into the cilia and to a graded Ca2+-dependent regenerative response recorded from the cell body (1, 2, 4, 5) . The increase in Ca2+ concentration triggers a reorientation of the power stroke (ciliary reversal) (10) .
The small size of most cilia has prevented direct determination of the distribution of Ca2+ channels along the length of the ciliary membrane. Results of previous studies are consistent with either a uniform or an uneven distribution of ciliary Ca2+ channels (7, 8, 11) .
To the best of our knowledge, the site(s) or mechanism(s) of action of Ca2+ within the axoneme also is not known. Calmodulin, a putative ciliary Ca2+ sensor (12) (13) (14) (15) , has been detected along the entire length of cilia (16, 17) . In contrast, local application of Ca2+ to reactivated cilia and flagella indicate that the Ca2+-sensitive machinery controlling various motor responses is localized to a specific region of the axoneme (18) (19) (20) .
In this report we take advantage of the large size of ctenophore comb plate cilia to record electrical activity directly from motile cilia. We show that a graded Ca2+-dependent regenerative potential is initiated near the base of the comb plate and propagates to the tip of the cilia. The regenerative response is correlated with reorientation and reversed beating of the comb plate. The Ca2+ conductance, and hence the Ca2+-sensitive machinery controlling ciliary motor responses, is, therefore, likely to be distributed along the ciliary length.
MATERIALS AND METHODS
Pleurobrachia pileus was collected locally. Split comb-row preparations for electrical recording were made as described (21) (Fig. 1 Fig. 4 ).
Electrical and motor responses of comb plates were elicited by stimulation of the adjoining ectodermal nerve net with trains of bipolar pulses (5 Hz, 5-40 V, 5 msec) delivered by a suction electrode attached to the body surface (Fig. 1B ) (21) .
Ciliary motor responses were imaged with a high-speed video camera and combined by way of a video switcher with a video image of the oscilloscope trace (21) . Electromotor correlates were analyzed by still-field video playback (21) .
RESULTS
Ctenophores, or comb jellies, swim by means of eight meridional rows of paddle-like ciliary comb plates (Fig. 1A ) (22) . Each comb plate consists of hundreds of thousands of single cilia, =1 mm long, which beat together as a unit due to mechanical coupling (23) . The cilia are borne on a ridge of thousands of elongated epithelial cells, called polster cells, which are probably electrically coupled (24) , and receive synchronous and nearly identical synaptic input from an ectodermal nerve net (21, 25) .
Ciliary motor responses, such as reorientation of nonbeating comb plates ("laydown") and reversal of effective stroke a b c d direction (26) , are correlated with volleys of graded action potentials recorded intracellularly from the polster cells (21) . Intracellular recordings from microsurgically deciliated polster cells showed that this regenerative response was lost (27) , indicating that excitability resides in the ciliary membrane. To map electrical activity over the length of the cilia, we recorded en passant with extracellular micropipets from various sites along a sliver of a comb plate during pulse-train stimulation of the ectoderm (Fig. 2) . From the electrode tip diameter and comb-plate anatomy, we estimate that the signals represent the summed electrical responses of at most 100-200 cilia arising from three or four polster cells.
When attached directly to the polster cells (Fig. 2a) or to the proximal 100-200 .tm of the cilia ( Recordings at more distal sites on the comb plates showed more complex waveforms. When the positive monophasic reached a threshold value, a shoulder or second positive peak appeared, followed immediately by a negative wave ( Fig. 2 d-J). In some cases the first two positive components merged and summed, resulting in a very large biphasic waveform with amplitudes of >10 mV (data not shown).
To unambiguously identify the components of the extrinsic ciliary signal, we simultaneously recorded intracellularly from a polster cell of the ciliary sliver to which the external recording electrode was attached (Fig. 3) . Positive monophasic responses from the cilia were correlated with excitatory postsynaptic potentials recorded in the polster cell soma. The size ofthe extrinsic monophasic potential varied directly with the magnitude of the intracellular synaptic potential, which could be +20 mV above the resting potential.
Complex extrinsic waveforms were correlated with intracellularly recorded action potentials ( The time course of electrical activity over the length of the cilia was determined by attaching two recording electrodes at different locations along the same ciliary bundle (Fig. 4) . Electrical events did not occur instantaneously over the cilia but showed proximal-to-distal delays or propagation times (28) , characteristic for each component of the waveform.
The conduction velocity of the action potential was 26.8 ± 3.8 mm/s (n = 16 plates), as determined by measuring the delay between arrival of the peak negative potential at the two recording electrodes. For these measurements the proximal electrode was located at least 100 gm from the base and displayed a clear downward inflection (inward current). The trough of the negative potential was used because it was readily identifiable and is known to travel at virtually the same velocity as other points in a propagated wave. [The propagation rate for all points of both a linear (passively conducted) and nonlinear (action potential) waveform approaches 2 X/RmCm for (infinite) cylinders (28) , where Rm is membrane resistance and Cm is membrane capacitance. Comb-plate cilia roughly approximate such cylinders.]
The distally recorded synaptic potential lasted longer and rose and fell more slowly than the proximally recorded synaptic potential (Fig. 4) 4 . Conduction velocity of ciliary action potentials. Two extracellular recording electrodes were attached at different sites along the same ciliary bundle (shown in profile). Propagation speeds were determined using the time delay between the lowest point of the negative potential wave (inward action current) at the two sites (indicated by vertical lines below paired records). Electrical activity was evoked by pulse-train stimulation of the ectoderm. Although there are differences between the waveforms of any pair, the components of the proximal and distal signals can still be identified. Conduction velocities of action potentials: 30 mm/s (A), 28 
mm/s (B). recorded (15 out of 44 cases). The reason for this unusual result is not known (see Discussion).
Intracellularly recorded regenerative potentials of polster cells are accompanied by curvature of nonbeating plates in the direction of the reversed effective stroke (reorientation or laydown response; Fig. SB and ref. 26) , followed by beating in the reversed direction at high frequency (21) . To establish the motor correlates of the extrinsic ciliary signals, recordings from the immobilized sliver of a plate were compared with the accompanying motor activity of the remaining part of the same plate that was free to beat [normally, all the cilia within an intact plate beat synchronously in the same direction (23)].
Reversed beating or reorientation of the free part of a plate was always preceded or accompanied by multiphasic potentials with large negative components recorded from the electrode-attached sliver (n = 15 plates). In contrast, 89% of the cases in which normal beating occurred on the free part of the plate were accompanied by monophasic (synaptic) potentials (n = 18 plates) recorded on the sliver.
More directly, attachment of the recording pipet approximately halfway along the sliver allowed the distal region of the sliver to move, enabling simultaneous recording of electrical and motor activity from the same group of cilia. In such cases, the free end of the sliver did not beat, but bent in the direction of the reversed power stroke (as in the reorientation response) immediately following action potentials (95% of the cases, n = 25) (Fig. 5A) . Monophasic positive potentials that occurred prior to the action potentials were not associated with changes in curvature of the sliver tip. Similarly, relaxation of the bend was accompanied by monophasic potentials or no signals (n = 12). These results confirm that the negative component of the extrinsic waveform is specifically associated with ciliary reorientation and reversal.
Both reversal of beat direction of comb plates and the intracellularly recorded action potential of polster cells have been shown to be calcium dependent (21, 29, 30) . Local application of Co2+ (n = 12)-, Cd2+ (n = 12)-, or Ca2+ (n = 5)-free artificial sea water to a comb plate during pulse-train stimulation completely eliminated the negative-going component of the propagated, extrinsic potential (Fig. 6) without abolishing the synaptic response, although the latter was often reduced. The negative wave usually returned several minutes after termination of Co2+ or Cd2+ perfusion, although it was often smaller and occurred less frequently in response to pulse-train stimulation. Incomplete recovery of the regenerative potential may be a result of incomplete washout of the test solution or a deleterious effect of the test solution on the ciliary membrane. Co2+ or Cd2' also blocked curvature of the tip of the sliver. Therefore, the negative wave of the extracellular signal probably arises from an inward calcium current that triggers comb-plate reorientation and reversed beating. These results further support our hypothesis that the regenerative response is conducted along the length of the cilia.
DISCUSSION
The diverse behavioral responses of cilia and flagella are controlled by membrane-regulated Ca2l fluxes (1-5). Depolarizing stimuli activate voltage-sensitive Ca2" channels located exclusively in the ciliary membrane (6-9), leading to influx of Ca2" ions that triggers modification of ciliary activity (10) .
Heretofore, the distribution of Ca2" channels along the ciliary membrane has not been determined by electrophysiological methods due to the small diameter (-0.25 ,um) and short length (10-30 ,um) distribution of Ca2l channels over the ciliary membrane (7, 8 (Fig. 4) and often does not show decrement with distance from the base, the synaptic potential may be augmented by an additional unknown conductance.
The length constant for a cilium of "infinite"length has been calculated to be as high as one to several millimeters (4, 31), indicating that the short ,um) cilia of protozoa are essentially isopotential along their length and with the cell body (7, 32 (12) (13) (14) (15) . Fluorescence and immunoelectron microscopy have shown that calmodulin is localized along the entire length of the axoneme (16, 17 Therefore, our finding that Ca2+ influx occurs over most of the length of comb-plate cilia implies that the Ca2+-sensitive machinery controlling beat direction is also distributed along the length of the axoneme.
The giant cilia of ctenophore comb plates thus offer distinct advantages for further studies on the excitable membrane of motile cilia and on the site and mechanism of action of Ca2+ within the axoneme.
